The efficacy of three different schedules of reinforcement for promoting and sustaining drug abstinence was compared in this study. Cigarette smoking was studied as an exemplar of stimulant drug self-administration. Sixty cigarette smokers were assigned to one of three groups (progressive rate of reinforcement, fixed rate of reinforcement, and yoked control). Participants in all three groups were asked to refrain from smoking for 1 week. Participants in the progressive and fixed groups achieved greater mean levels of abstinence than those in the control group. Participants in the progressive group were significantly less likely to resume smoking when they became abstinent than participants in the other groups.
. This approach has been used effectively in the treatment of most forms of drug abuse, including benzodiazepines (Stitzer, Bigelow, & Liebson, 1979) , cocaine (Higgins, Budney, et al., 1994; Silverman, Higgins, et al., 1996) , nicotine (Stitzer, Rand, Bigelow, & Mead, 1986) , and opioids (Stitzer, Iguchi, Kidorf, & Bigelow, 1993) .
The main factors that have been manipulated in studies of contingency-management procedures with substance abusers have been the nature of the reinforcer (Stitzer et al., 1993) , the type of abused drug , and whether reinforcement is delivered dependent on or independent of abstinence (Higgins, Stitzer, Bigelow, & Liebson, 1986) . There has been little investigation of the effects of different schedules of response-dependent reinforcement of drug abstinence (but see Lamb, Iguchi, & Kirby, 1995; Silverman, Wong, et al., 1996) . This is surprising considering the wealth of information available on the effects of reinforcement schedules on basic operant behavior (Ferster & Skinner, 1957) and information from other areas of applied behavior analysis suggesting that the schedule of reinforcement can influence the effi-cacy of the intervention (e.g., Marcus & Vollmer, 1995; Repp, Felce, & Barton, 1991) .
Schedules of reinforcement used in contingency-management interventions for substance abuse treatment are diverse, ranging from relatively simple schedules involving a single contingency (e.g., Stitzer & Bigelow, 1983) to complex schedules involving multiple contingencies (e.g., Higgins, Budney, et al., 1994) . Although there is ample evidence that most of these scheduling arrangements are efficacious, there is only limited empirical information available regarding the efficacy of different scheduling arrangements.
The purpose of the present study was twofold: First, we wanted to compare different schedules of reinforcement for sustaining a period of drug abstinence. Second, we wanted to assess further the feasibility of using cigarette smoking as an experimental model for examining the influence of environmental variables on drug abstinence (cf. . We elected to study cigarette smoking because it (a) can serve as a reinforcer (Bickel, DeGrandpre, Hughes, & Higgins, 1991) , (b) can be reduced by reinforcing alternative responses Stitzer et al., 1986) , and (c) is relatively more convenient to study than illicit drug use. Also, cigarette smokers usually relapse within several days of initiating abstinence (Cummings, Jaen, & Giovino, 1985; Hughes et al., 1992) . Hence, the factors that control abstinence from cigarette smoking begin to exert their influence shortly after cessation and thus may be examined in short-duration experimental studies. Lastly, cigarette smokers recruited for the present study were not attempting to quit smoking, thereby eliminating the need to provide other clinical services that are usually combined with treatment interventions.
METHOD

Participants
Participants were 60 adults who were recruited for a 5-day study via newspaper ads and fliers posted on bulletin boards. One additional participant was discontinued for reasons unrelated to the study and was subsequently replaced. In order to participate, individuals had to present with an initial carbon monoxide (CO) reading of at least 18 ppm; be over 18 years of age; answer negative to the question, ''Are you currently trying to, or do you want to quit smoking?''; and be in good physical and psychiatric health. Participants were not informed of the inclusion criteria except for the age limit. CO was assessed with a MiniCO CO meter (MSA). Psychiatric and physical conditions were assessed in an initial interview in which the following questionnaires were administered: drug-use history, brief psychiatric screen, medical history, and the Fagerstrom Tolerance Questionnaire (Fagerstrom & Schneider, 1989) .
Of the 60 participants, 21 were female and 39 were male. The average age was 30 (range, 18 to 70) years. The average number of years of education was 13 (range, 11 to 18). On average, participants smoked 26 cigarettes per day (range, 10 to 50) before the study began and had a Fagerstrom score of 6.5 (range, 4 to 9). Fagerstrom scores are a putative measure of nicotine dependence, with higher scores representing more severe dependence (possible range, 0 to 11; Fagerstrom & Schneider, 1989) .
Procedure
Participants were randomly assigned to the progressive rate of reinforcement group (progressive group) and the fixed rate of reinforcement group (fixed group) until the progressive group had 10 participants. This was done in order to have enough participants assigned to the progressive group to implement a yoked-control procedure with a third group (control group) (Ferster & Skinner, 1957) . Subsequent participants were randomly assigned to the three groups until each group contained 20 participants.
At an orientation visit during the week prior to which a participant participated in the study, all participants agreed to visit the laboratory or be visited by us at a place convenient for them, three times per day for 5 days (Monday through Friday) at 9:00 to 11:00 a.m., 3:00 to 5:00 p.m., and 8:00 to 10:00 p.m. All participants were told that there was no way to specify a priori when they would have to stop smoking in order to be abstinent at their initial visit on Monday morning, but our recommendation was that they terminate their smoking on the Friday night immediately before the Monday of the week in which they participated in the study. Abstinence from cigarette smoking was defined as presenting with a CO of Յ11 ppm. This CO level has been used previously as a criterion and has been recommended by the manufacturer of a CO detector (Bedfont Scientific Ltd., 1995) . Nevertheless, it is possible for individuals to smoke a limited amount and still present with a CO of Յ11 ppm, but we deemed this risk of false negatives to be more acceptable than the risk of false positives that might be obtained if the abstinence criterion were set lower. Participants in all three groups were provided with immediate feedback as to their CO level at each trial. Saliva samples were also collected from subjects on the Friday afternoon preceding the Monday on which they began the study and during their last visit of the study week. These samples were used to assay levels of cotinine, a nicotine metabolite. At each visit, participants were offered a supply of their own brand of cigarettes, and a CO reading was obtained.
Participants in the progressive group earned money according to the following schedule: The first time they presented with a CO that indicated abstinence, they received $3.00. Each subsequent consecutive CO sample that indicated abstinence increased the amount of money they received by $0.50. In addition, every third consecutive CO that was Յ11 ppm earned a $10.00 bonus. Thus, if their first CO was Յ11 ppm, they earned $3.00; if their second CO was Յ11 ppm, they earned $3.50; if their third CO was Յ11 ppm, they earned $14.00, if their fourth was Յ11 ppm they earned $4.50, and so forth. If participants presented with a CO that was over 11 ppm, payment was withheld and the value of payment available for the next CO Յ11 ppm was reset to the initial $3.00 level. This reset contingency was designed to discourage resumption of drug use once abstinence was achieved. Three consecutive COs indicating abstinence following a reset returned the payment schedule to the value at which the reset occurred. The rationale for this component was to support efforts to achieve abstinence again following a reset. Participants were informed in advance of the payment schedule and the criterion needed to earn reinforcement.
Participants in the fixed group were paid $9.80 every time they presented with a CO indicating abstinence. There were no bonuses for consecutive abstinences and there were no resets. The total amount of reinforcement that was available for subjects in the Progressive and fixed groups was equivalent. Participants were informed in advance of the payment schedule and the criterion needed to earn reinforcement.
The schedule of payment to participants in the control group was yoked to the average payment obtained by the first 10 participants assigned to the progressive group and was delivered independent of CO levels. However, participants in the control group were encouraged to try to cut their CO levels down to Յ11 ppm.
Instructions to the participants were designed to be as similar as possible across the three groups. In the progressive and fixed groups, participants were told that to receive money at each visit, they would have to present with a CO Յ11 ppm. The appropriate schedule of reinforcement was then explained as succinctly as possible, and participants were provided with a brief written description of the schedule in effect for their group. Participants in the control group were told that they would receive money independent of their CO readings but that we wanted them to attempt to cut their CO levels down to Յ11 ppm. Control group participants were provided with a written description of the amount of money available to them for each of their 15 visits.
Money earned via the aforementioned reinforcement schedules was paid in cash immediately following each CO assessment. Participants were given an additional $50.00 check upon completion of the study.
Data Analysis
A one-way analysis of variance (ANOVA) was conducted to examine the influence of reinforcement schedule on mean percentages of trials that participants in the three groups provided COs Յ11 ppm. Because these data were in percentage form, an arcsine transformation was performed before the ANO-VA was conducted. Pairwise comparisons (Fisher's LSD, p Ͻ .05) were conducted across groups to discern specific betweengroup differences. A Kruskal-Wallis test was used to compare the groups in mean changes in cotinine levels from the start to the end of the 5-day study period. This nonparametric test was used because of the failure of the cotinine data to satisfy the normality assumption associated with the analysis of variance. Pairwise comparisons (Wilcoxon rank sum test, p Ͻ .05) were conducted across groups to discern specific betweengroup differences.
Chi-square tests were used to examine group differences in the proportion of participants able to achieve three consecutive COs Յ11 ppm (i.e., 24 hr of continuous abstinence), the proportion of participants who resumed smoking after they had achieved 24 hr of continuous abstinence, and the proportion of participants who were continuously abstinent across all 15 CO tests during the 5-day study period.
RESULTS
The efficacy of response-dependent reinforcement for increasing drug abstinence was evident in the comparison of mean percentages of CO readings Յ11 ppm across the three groups, F(2, 57) ϭ 18.8, p Ͻ .0001. Mean abstinence levels in the progressive and fixed groups differed significantly from those in the control group (Fisher's LSD, p Ͻ .05), but not from each other (Figure 1 , upper panel). These differences in abstinence levels were supported by significant group differences in mean decreases in cotinine levels during the 1-week study period ( 2 ϭ 6.6, df ϭ 2, p ϭ .04). Again, the progressive and fixed groups differed significantly from the control group (Wilcoxon rank sum test p Ͻ .05), but not from each other ( Figure  1, lower panel) .
Differential efficacy of the two responsedependent schedules of reinforcement in sustaining abstinence was discernible in comparisons of the percentages of participants in the three groups who resumed smoking following a period of initial abstinence (i.e., first three consecutive COs Յ11 ppm). Consistent with the observations on mean abstinence levels, significantly more participants in each of the response-dependent groups achieved a period of initial abstinence than in the noncontingent control group: 90% (n ϭ 18), 100% (n ϭ 20), and 55% (n ϭ 11) of participants assigned to the progressive, fixed, and control groups, re- spectively, achieved a period of initial abstinence ( 2 ϭ 14.92, df ϭ 2, p Ͻ.01). However, only 22% (n ϭ 4 of 18) of participants in the progressive group who achieved an initial period of abstinence resumed smoking during the 5-day study period compared to 60% (n ϭ 12 of 20) and 82% (n ϭ 9 of 11) of participants in the fixed and control groups ( 2 ϭ 10.80, df ϭ 2, p Ͻ .01). That difference between the progressive versus the fixed and control groups achieved statistical significance ( 2 ϭ 5.5, df ϭ 1, p Ͻ .02; 2 ϭ 9.8, df ϭ 1, p Ͻ .01); the fixed and control groups did not differ significantly on this measure (see upper panel of Figure 2 ). It is important to note that this difference between the progressive versus the fixed and control groups was not unique to a particular definition of abstinence. When abstinence was defined as the first negative CO, for example, 35% of participants in the progressive group resumed smoking compared to 75% and 95% of participants in the fixed and control groups. Similarly, when abstinence was defined as the first two consecu-tive negative COs, the percentage of participants in the progressive group who resumed smoking was 35% compared to 65% and 92% of participants in the fixed and control groups.
Group comparisons on the percentages of participants in each group who were able to sustain abstinence throughout the entire 5 days of testing further supported the efficacy of response-dependent reinforcement and suggested that the schedule of reinforcement may be important as well: 50% (n ϭ 10), 30% (n ϭ 6), and 5% (n ϭ 1) of subjects in the progressive, fixed, and control groups, respectively, achieved the maximum duration of 15 consecutive CO tests at Յ11 ppm ( 2 ϭ 10.0, df ϭ 2, p Ͻ.01). The progressive and fixed groups differed significantly from the control group ( 2 ϭ 10.16, df ϭ 1, p Ͻ.01; 2 ϭ 4.329, df ϭ 1, p Ͻ .04), but the differences between the progressive and fixed groups, although in the predicted direction, did not achieve statistical significance ( 2 ϭ 1.67, df ϭ 1, ns) (see lower panel of Figure 2) .
DISCUSSION
The results demonstrate that contingent reinforcement can increase abstinence in chronic drug users. Participants in the progressive and fixed groups who received response-dependent payment were abstinent on average for greater than 80% of the CO tests administered, which was substantially more than the abstinence levels achieved by participants in the control group who received noncontingent payment. Those differences were also verified by mean reductions in salivary cotinine levels, with participants in the progressive and fixed groups showing greater reductions than those in the control group. These results are consistent with prior reports on the efficacy of reinforcement in reducing cigarette smoking (Rand, Stitzer, Bigelow, & Mead, 1989; Stitzer & Bigelow, 1982; Stitzer et al., 1986; Winett, 1973) and other forms of stimulant drug self-administration in humans in naturalistic settings (Higgins, Budney, et al., 1994; Silverman, Higgins, et al., 1996) . They are also consistent with results from studies conducted with humans and nonhumans in laboratory settings demonstrating that availability of alternative nondrug reinforcers can effectively reduce stimulant selfadministration (Bickel, DeGrandpre, Higgins, Hughes, & Badger, 1995; Carroll, Lac, & Nygaard, 1989; Higgins, Bickel, & Hughes, 1994; Nader & Woolverton, 1991) .
The present results suggest that the schedule of reinforcement delivery may be an important determinant of resumption of smoking (i.e., relapse) following an initial period of abstinence. The reinforcement contingency used with the progressive group linked increases and decreases in reinforcement magnitude directly to the number of consecutive abstinent CO readings and was associated with the lowest number of participants who resumed smoking following an initial period of abstinence. The reinforcement contingencies used with the other two groups either specified no relationship between abstinence and reinforcement (control group) or did so in a manner that failed to differentially reinforce submission of consecutive negative COs (fixed group). Those two groups were both significantly below the progressive group in terms of the number of participants who resumed smoking following three consecutive abstinences. This suggests not only that response-dependent reinforcement is important in achieving abstinence, but that the specific contingent arrangement between abstinence and reinforcement magnitude can determine the likelihood of remaining abstinent. As was noted above, this finding does not appear to be an artifact of how we defined initial abstinence, because similar effects were observed with at least two other definitions.
A major goal of substance abuse treatment is to prevent resumption of drug use following an initial period of abstinence. For obvious ethical reasons that do not apply to the model used in this study, experimental studies of factors that influence relapse in humans are rare (but see Chornock, Stitzer, Gross, & Leischow, 1992) . Even rarer are analyses of relapse in terms of basic behavioral processes, which we think is an important research area to pursue. The present results suggest that the relationship between the magnitude of reinforcement potentially lost by the resumption of drug use may be an important determinant of the probability of relapse. Participants in the progressive group forfeited a greater magnitude of reinforcement if they resumed drug use following an initial period of abstinence than did participants in the other two groups. For illustration purposes, consider the group differences in reinforcement loss associated with a positive CO following six consecutive negative tests on the initial six trials. In the control and fixed groups, the loss was fixed and was zero and $9.80, respectively. In the progressive group the loss was $33.50, and the magnitude of the loss increased as the number of consecutive negative tests increased. Although this finding is logical, we know of no prior experimental studies that have demonstrated the potential influence of reinforcement magnitude and loss on the resumption of drug use following abstinence. Considering the importance of improving our understanding of the determinants of relapse, we feel that this is a potentially important observation.
With regard to the percentage of participants who were abstinent throughout the entire test period, there was a trend for participants in the progressive group to perform better than participants in the fixed group, and both performed better than participants in the control group. The failure to declare the difference between the progressive and fixed groups statistically significant on this measure may have been due to our relatively small sample sizes and attendant lack of statistical power. Considering that the trend was in the predicted direction, this observation merits replication with a larger sample. Differences in the amount of continuous abstinence achieved as a function of varying the schedule of response-dependent reinforcement have been reported previously regarding cocaine use (Silverman, Wong, et al., 1996) , but not, to our knowledge, for cigarette smoking or other forms of drug self-administration. Identifying strategies to facilitate continuous drug abstinence is an important challenge, considering that even small amounts of drug use early in the process of trying to discontinue smoking and other forms of stimulant use is a significant negative predictor of long-term abstinence (Budney, Higgins, Wong, & Bickel, 1996; Chornock et al., 1992; Hughes et al., 1992) .
The reinforcement schedule used with participants in the progressive group of the present study was based on a schedule that is efficacious in promoting continuous cocaine abstinence in cocaine-dependent patients (Higgins et al., 1993; Higgins, Budney, et al., 1994; Silverman, Higgins, et al., 1996) . Thus, its efficacy with cigarette smokers in the present study extends the generality of this reinforcement schedule to another type of drug self-administration. This demonstration that the same procedure is effective in promoting abstinence from different types of drug use lends empirical support to the position that a common set of processes operates across the different types of drug abuse.
The high rates of smoking observed in the present study, especially in the control group, are similar to the Ͼ75% relapse rates observed within the 1st week for smokers who attempt to quit on their own (Hughes et al., 1992) . This consistency across studies suggests that the high relapse rates in the present study are not an artifact of participants lacking a commitment to quit, but, rather, underscore the difficulty of achieving even a short period of continuous abstinence from smoking.
The current procedure of using cigarette smoking to experimentally analyze factors that affect drug abstinence may represent a pragmatic use of what are becoming progressively limited research resources. Such studies cannot supplant randomized clinical trials, but they can provide a useful model for experimentally examining different variables or processes involved in drug abstinence and relapse. Results from the present study demonstrate the sensitivity of this procedure to variations in a behavioral process. It may be similarly sensitive and useful for addressing questions about the influence of pharmacological variables on abstinence, including potential pharmacotherapies like nicotine replacement treatment as well as use of drugs that might disrupt abstinence (Chornock et al., 1992) . The reinforcement schedule used with the progressive group might be particularly useful in this regard, because the 50% success rate of participants achieving continuous abstinence throughout the study period under that arrangement appears to be optimal for detecting either facilitation or disruption of continuous abstinence.
Several aspects of the generality of the present results merit comment. First, there is the question of whether results observed with cigarette smokers have generality to other types of drug abuse. As was mentioned above, procedures similar to those employed in the current study have been used to reduce consumption of a variety of drugs (e.g., benzodiazepines, Stitzer et al., 1979; cocaine, Higgins, Budney, et al., 1994; nicotine, Stitzer et al., 1986; and opioids, Stitzer et al., 1993) . Thus, there is reason to expect that similar results would be obtained should the scheduling arrangements employed in the current study be investigated with other forms of drug use. Second, the generality of the present results may be limited by using individuals who were not trying to quit smoking. Instead of the social and healthrelated contingencies that are likely to influence attempts at smoking cessation in naturalistic settings, contrived contingencies were applied to encourage abstinence in this study. Although there is a long and successful tradition of using contrived contingencies to study behavioral processes, whether the present results extend to individuals who are trying to quit smoking is an empirical question. A third and related issue is the use of money to initiate and sustain abstinence in the present study. Here, too, contrived conditions were employed to conveniently study processes involved in cigarette smoking. The intent was not to encourage the use of monetary reinforcement in clinical interventions per se. However, reinforcers of this type (e.g., vouchers, lottery tickets) are being explored with difficult-to-treat subpopulations of cigarette smokers such as illicit drug abusers (Shoptaw, Jarvik, Ling, & Rawson, 1996) and patients with chronic obstructive pulmonary disease (Crowley, MacDonald, Zerbe, & Petty, 1991) . Thus, direct application of monetary and related reinforcers may be reasonable under some clinical circumstances. Finally, the short duration of abstinence examined in this study might limit the generality of the present results. The 5-day duration was selected for two reasons: (a) to minimize the influence of extraneous events that might affect cigarette smoking (e.g., illness, shift work), and (b) because relapse and the peak of the nicotine withdrawal syndrome generally occur within 5 days of initial cessation (Fung, Schmid, Anderson, & Lau, 1996; Hughes et al., 1992) . For these reasons, the 5-day duration of this study appears to be sufficient to provide a rigorous assessment of the variables in question. However, it is possible that the variables that influence early abstinence and relapse differ from those that affect longer periods of abstinence and relapse. Nevertheless, both are important, and the majority of relapse is of the early variety.
